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MEDICAL DEVICES 

TECHNICAL FIELD 

The invention relates to medical devices, such as, for example, stents, stent-grafts, and 
grafts, and methods of making the devices. 

5 BACKGROUND 

The body includes various passageways such as arteries, other blood vessels, and other 

body lumens. These passageways sometimes become occluded or weakened. For example, the 

passageways can be occluded by a tumor, restricted by plaque, or weakened by an aneurysm. 

When this occurs, the passageway can be reopened or reinforced, or even replaced, with a 
10 medical endoprosthesis. An endoprosthesis is typically a tubular member that is placed in a 

lumen in the body. Examples of endoprosthesis include stents and covered stents, sometimes 

called "stent-grafts". 

Endoprostheses can be delivered inside the body by a catheter that supports the 

endoprosthesis in a compacted or reduced-size form as the endoprosthesis is transported to a 
15 desired site. Upon reaching the site, the endoprosthesis is expanded, for example, so that it can 

contact the walls of the lumen. 

The expansion mechanism may include forcing the endoprosthesis to expand radially. 

For example, the expansion mechanism can include the catheter carrying a balloon, which carries 

a balloon-expandable endoprosthesis. The balloon can be inflated to deform and to fix the 
20 expanded endoprosthesis at a predetermined position in contact with the lumen wall. The 

balloon can then be deflated, and the catheter withdrawn. 

In another delivery technique, the endoprosthesis is formed of an elastic material that can 

be reversibly compacted and expanded, e.g., elastically or through a material phase transition. 

During introduction into the body, the endoprosthesis is restrained in a compacted condition. 
25 Upon reaching the desired implantation site, the restraint is removed, for example, by retracting a 

restraining device such as an outer sheath, enabling the endoprosthesis to self-expand by its own 

internal elastic restoring force. 
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To support a passageway open, endoprostheses are sometimes made of relatively strong 
materials, such as stainless steel or Nitinol (a nickel-titanium alloy), formed into struts or wires. 

SUMMARY 

The invention relates to medical devices. 
5 In one aspect, the invention features a medical device having a structure that includes a 

first ceramic fiber. Each dimension of the fiber is equal to or greater than one micron. 

In another aspect, the invention features a medical device having a structure that includes 
a ceramic fiber and a non-ceramic fiber. The ceramic fiber is intertwined with the non-ceramic 
fiber. 

10 In a further aspect, the invention features a method of making a medical device. The 

method includes co-knitting a ceramic fiber with a non-ceramic fiber. Each dimension of the 
ceramic fiber is equal to or greater than one micron. 

In another aspect, the invention features a medical device with a structure including a 
mixture. The mixture includes a polymer and ceramic fibers. Each dimension of the fibers is 
15 equal to or greater than one micron. 

In a further aspect, the invention features a medical device with a structure that has a first 
layer including a polymer and a second layer including a ceramic fiber. 

In another aspect, the invention features a medical device that includes a tubular structure 
and a polymer element on the tubular structure. The polymer element includes a ceramic fiber. 
20 Each dimension of the ceramic fiber is equal to or greater than one micron. 

In a further aspect, the invention features a medical device (e.g., a stent, a graft, a stent- 
graft, a medical balloon, a catheter) that includes a ceramic fiber, each dimension of the fiber 
being equal to or greater than one micron. 

Embodiments may also include one or more of the following. 
25 The first ceramic fiber can include a first metalloid (e.g., silicon or boron) and a second 

metalloid. The first ceramic fiber can include silicon borocarbonitride. 

The first ceramic fiber can include a metalloid (e.g., silicon) and a non-metallic element. 
The first ceramic fiber can include silicon nitride and/or silicon carbide. 

The first ceramic fiber can include a metallic element (e.g., aluminum, calcium) and a 
30 nonmetallic element. The first ceramic fiber can include aluminum oxide and/or calcium oxide. 
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The ceramic fiber (e.g., the first ceramic fiber) can be at least about five microns long. 
The ceramic fiber (e.g., the first ceramic fiber) can be from about five microns to about 25,000 
microns long (e.g., from about ten microns to about 1,000 microns long, from about ten microns 
to about 100 microns long). 
5 The ceramic fiber (e.g., the first ceramic fiber) can be at least about five microns wide 

(e.g., from about five microns to about 500 microns wide, about ten microns wide). The ceramic 
fiber (e.g., the first ceramic fiber) can be from about one micron to about 50 microns wide. 

The ceramic fiber can have an aspect ratio of from about 5:1 to about 500:1 (e.g., from 
about 5:1 to about 200:1). 
10 The first ceramic fiber can extend continuously along an entire length of the device. 

The first ceramic fiber can extend helically about the device. 

The device can further include a second ceramic fiber that is different from the first 
ceramic fiber. The first and second ceramic fibers can be co-knitted or co-woven. 

The device can be formed substantially of one or more ceramic fibers and/or can be 
1 5 reinforced by one or more ceramic fibers. 

The device can further include a non-ceramic fiber. 

The structure can be a tubular member. 

The device can be in the form of a stent (e.g., a drainage stent), a graft, a stent-graft, a 
medical balloon, or a catheter. 
20 The device can further include a polymer layer that is carried by the structure. 

The device can further include a therapeutic agent. The ceramic fiber can include a 
therapeutic agent. The first layer can include a therapeutic agent. 

Each dimension of the ceramic fiber can be equal to or greater than one micron. 

The non-ceramic fiber can include stainless steel and/or a nickel-titanium alloy. 
25 The ceramic fiber can be knitted, woven, twisted (e.g., intertwined), tied, or braided. The 

ceramic fiber can be knitted, woven, twisted (e.g., intertwined), tied, or braided with the non- 
ceramic fiber. 

The ceramic fibers can be at least about five microns long. The ceramic fibers can be 
from about five microns to about 25,000 microns long. 
30 Embodiments of the invention can include one or more of the following advantages. 

Ceramics are relatively inert, e.g., they resist oxidation or scaling. As a result, they are relatively 
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biocompatible. Ceramics can have reduced occurrences of chemical, mineral, and/or bacterial 
deposits or encrustations. Low encrustation can be advantageous for certain medical devices, 
such as, for example, kidney drainage stents. Some ceramics are porous and can be used as drug 
carriers. Ceramics are durable (e.g., they can withstand frictional forces with relatively little 
wear), and are strong and flexible. Thus, ceramics are advantageous for use in certain medical 
devices, such as grafts. Ceramics also are advantageous for use in certain medical devices 
because ceramics are MRI-compatible. 

The details of one or more embodiments of the invention are set forth in the 
accompanying drawings and the description below. Other aspects, features, and advantages of 
the invention will be apparent from the description and drawings, and from the claims. 

DESCRIPTION OF DRAWINGS 

FIG. 1 is a perspective view of an embodiment of an endoprosthesis. 

FIG. 2A is an end view of an endoprosthesis; and FIG 2B is a side view of the 
endoprosthesis of FIG 2 A. 

FIG 2C is an end view of an endoprosthesis; and FIG 2D is a side view of the 
endoprosthesis of FIG 2C. 

FIG 2E is an end view of an endoprosthesis; and FIG 2F is a side view of the 
endoprosthesis of FIG 2E. 

FIG 3 A is a side view of an endoprosthesis. 

FIG. 3B is a side view of an endoprosthesis. 

FIG 3C is a side view of an endoprosthesis. 

FIG 4A is a side view of an endoprosthesis. 

FIG 4B is a side view of an endoprosthesis. 

FIG. 5 A is a perspective view of an endoprosthesis; and FIG. 5B is a detailed view of the 
endoprosthesis of FIG. 5 A. 

FIG. 6A is a perspective view of an endoprosthesis; and FIG. 6B is a detailed view of the 
endoprosthesis of FIG. 6 A. 

FIG. 7 is a cross-sectional view of an endoprosthesis. 
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DETAILED DESCRIPTION 

Referring to FIG 1, an endoprosthesis 10 (as shown, a stent) includes a ceramic fiber 12 
formed into a deformable tubular member 14. Endoprosthesis 10 is capable of being deformed 
from a first, compacted shape to a second, expanded shape in which it can support a vessel in the 
5 body. As shown, fiber 12 is knitted to form a series of interlocked loops 16 such that the fiber 
extends continuously along the length of tubular member. Fiber 12 generally includes a ceramic 
material that is non-corrosive and experiences relatively low encrustation, e.g., microbial growth. 
Additionally, the ceramic material can be resistant to wear resulting from frictional forces, e.g., 
when used in an abdominal aortic aneurysm (AAA) stent-graft that is exposed to high shearing 

10 forces. Thus, ceramic fiber 12 is relatively biocompatible, durable, and good for medical use. 

Ceramic fiber 12 generally includes an inorganic material having non-metallic properties. 
For example, ceramic fiber 12 can include a metallic element and a non-metallic element, a 
metalloid and a non-metallic element, or two metalloids. As used herein, "metalloid" means 
those elements exhibiting chemical characteristics that are between metallic and non-metallic 

15 characteristics. Metalloids include boron, silicon, germanium, arsenic, antimony, tellurium and 
polonium. "Metallic elements" include those in Groups 3-12 of the period table. "Non-metallic 
elements" include those elements, such as carbon, nitrogen, and oxygen, generally located on the 
periodic table to the right of the metalloids. 

Ceramic fiber 12 can be commercially available. For example, silicon borocarbonitride, 

20 which is both an example of a ceramic having a metalloid (Si) and a non-metallic element (N), 
and an example of a ceramic having two metalloids (B and Si), is commercially available from 
Bayer Aktiengesellschaft (Leverkusen, Germany), as SIBORAMIC. Examples of ceramics 
having a metallic element and a non-metallic element include aluminum oxide fibers with added 
yttrium oxide and zirconium oxide, available from 3M (Minnesota) as Nextel™ Fibers. 

25 In some embodiments, fiber 12 can have a width or diameter of from about five microns 

to about 1000 microns. Fiber 12 can have a width or diameter that is equal to or greater than 
about five microns (e.g., greater than about 100 microns, greater than about 200 microns, greater 
than about 300 microns, greater than about 400 microns, greater than about 500 microns, greater 
than about 600 microns, greater than about 700 microns, greater than about 800 microns, greater 

30 than about 900 microns), and/or equal to or less than about 1000 microns (e.g., less than about 
900 microns, less than about 800 microns, less than about 700 microns, less than about 600 
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microns, less than about 500 microns, less than about 400 microns, less than about 300 microns, 
less than about 200 microns, less than about 100 microns). 

In certain embodiments (e.g., when fiber 12 is used in a woven or knitted graft or 
covering), fiber 12 has a width or diameter of from about five microns to about 20 microns (e.g., 
5 about ten microns), or a width or diameter of from about 100 microns to about 1000 microns 
(e.g., about 500 microns). In some embodiments (e.g., when fiber 12 is used to form a knitted, 
co-knitted or woven stent), fiber 12 has a width or diameter of from about ten microns to about 
500 microns (e.g., about 50 microns). 

Fiber 12 can have a cross-section that is circular or non-circular, such as oval, or 

10 regularly or irregularly polygonal having three, four, five, six, seven, or eight or more sides. In 
some cases, fiber 12 can be flat. Fiber 12 can be in the shape of a ribbon (e.g., a flat or wavy 
ribbon). Along its length, fiber 12 can be, for example, straight, wavy, coiled, or folded. 

After ceramic fiber 12 is provided, the fiber can be formed into endoprosthesis 10 
according to known processes. For example, fiber 12 can be knitted on a circular knitting 

15 machine as described, for example, in Heath, U.S. 5,725,570, and Andersen, U.S. 5,366,504. 
Ceramic fiber 12 can be woven, as described in Mayer, U.S. 5,800,511, or crocheted. In other 
embodiments, endoprosthesis 10 can be formed by tying or knotting ceramic fiber 12, as 
described in Sandock, U.S. 5,800,519. In still other embodiments, ceramic fiber 12 can be used 
to form endoprosthesis 10 according to Wallsten, U.S. 4,655,771. In some cases, ceramic fiber 

20 12 can be twisted, bent, or coiled to form endoprosthesis 10. 

In general, endoprosthesis 10 can be of any desired shape and size (e.g., coronary stents, 
aortic stents, peripheral stents, gastrointestinal stents, urology stents, drainage stents, 
anastomosis stents, and neurology stents). Depending on the application, endoprosthesis 10 can 
have a diameter of, for example, from one millimeter to 46 millimeters. In certain embodiments, 

25 a coronary stent can have an expanded diameter of from about two millimeters to about six 

millimeters. In some embodiments, a peripheral stent can have an expanded diameter of from 
about five millimeters to about 24 millimeters. In certain embodiments, a gastrointestinal and/or 
urology stent can have an expanded diameter of from about six millimeters to about 30 
millimeters. In some embodiments, a neurology stent can have an expanded diameter of from 

30 about one millimeter to about 12 millimeters. An abdominal aortic aneurysm (AAA) stent and a 
thoracic aortic aneurysm (TAA) stent can have a diameter of from about 20 millimeters to about 
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46 millimeters. A drainage stent, e.g., suitable for use in a urethra or a ureter, can have a 
diameter of from about two millimeters to about ten millimeters. An anastomosis stent can have 
a diameter of from about two millimeters to about 50 millimeters. 

After endoprosthesis 10 is formed, it can be used, e.g., delivered and expanded, according 
5 to conventional methods. Methods of stent delivery include, but are not limited to, balloon 

expansion, self expansion, or a combination of balloon expansion and self expansion. Delivery 
methods are described, for example, in Strecker, U.S. Patent No. 4,922,905; Andersen et al., U.S. 
Patent No. 5,366,504; Lukic et al., U.S. Patent No. 5,709,703; and Lau et al., U.S. Patent No. 
6,488,694. Self-expansion can be used to expand relatively non-elastic materials by, for 

10 example, the incorporation of elastic structures within the design of the device. As an example, 
an endoprosthesis can be formed of an elastic fiber that is co-knit with a ceramic fiber. As 
another example, an endoprosthesis can be formed of a mixture of elastic material and relatively 
non-elastic material. Suitable catheter systems are described in, for example, Wang, U.S. 
5,195,969, and Hamlin, U.S. 5,270,086. Suitable stents and stent delivery are also exemplified 

15 by the Radius® or Symbiot® systems, available from Boston Scientific Scimed, Maple Grove, 
MN. 

Numerous other embodiments including ceramic fibers 12 are possible. 
For example, endoprosthesis 10 can be modified into a stent-graft. The components of 
the stent-graft (e.g., the stent or the graft) can include ceramic fibers, polymers, metals, or 

20 combinations thereof. The components can include the same materials or different materials. 
For example, the stent alone can include ceramic fibers, the graft alone can include ceramic 
fibers, or both the stent and the graft can include ceramic fibers. The stent can be metal, while 
the graft includes ceramic fibers. In some cases, the stent-graft can include and/or can be 
attached to a biocompatible, non-porous or semi-porous polymer matrix made of, for example, 

25 polytetrafluoroethylene (PTFE), expanded PTFE, polyethylene, urethane, or polypropylene. 

Referring now to FIGS. 2A-2F, the stent-graft can have any of a number of different 
forms. For example, and referring specifically to FIGS. 2A and 2B, a stent-graft 100 includes a 
stent 102 covered by a graft 104. Advantages to such a structure can include enhanced 
protection of the stent during delivery. In FIGS. 2C and 2D, a stent-graft 110 includes a stent 

30 112 that is lined on its interior surface 113 by a graft 114. Graft 114 can provide stent 112 with 
enhanced strength and/or can decrease the amount of turbulence in blood flow through stent 112. 
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In some cases, and referring now to FIGS. 2E and 2F, a stent-graft 120 includes a stent 122 that 
is both covered by a graft 124 and lined by a graft 126. 

The graft and the stent in the stent-graft can have the same length or different lengths. 
For example, in FIG. 3 A, a stent-graft 130 includes a stent 134 and a graft 132 that is longer than 
the stent. In FIG 3B, on the other hand, a stent-graft 140 includes a stent 144 and a graft 142 
that is shorter than the stent. In some cases, the stent-graft can include more than one stent. As 
an example, and referring now to FIG. 3C, a stent-graft 150 includes two stents, 152 and 154, 
that are connected, and partially covered, by a graft 156. In some embodiments, at least one of 
the stents is entirely covered by the graft. 

Referring now to FIGS. 4A and 4B, the stent-graft can be bifurcated. For example, the 
stent-graft can be an abdominal aortic aneurysm (AAA) stent-graft. In FIG 4A, an AAA stent- 
graft 200 includes a stent 202 that is entirely covered by a graft 204. In some embodiments, stent 
202 can be a single bifurcated stent, and/or graft 204 can be a single bifurcated graft. In certain 
embodiments, stent 202 and/or graft 204 can be formed of multiple modular components. In 
FIG 4B, on the other hand, an AAA stent-graft 210 includes three stents 212, 214, and 216, that 
are connected, and partially covered, by a graft 218. In some embodiments, at least one of the 
stents is entirely covered by the graft. Methods of making AAA stent-grafts are described, for 
example, in Goicoechea et al, U.S. Patent No. 6,165,213. 

The stent-graft can include one or more releasable therapeutic agents or pharmaceutically 
active compounds, such as described in Phan et al., U.S. Patent No. 5,674,242; U.S. S.N. 
10/232,265, filed on August 30, 2002, and entitled "Drug Delivery Particle"; U.S. Published 
Application No. 2003/0003220 Al, published on January 2, 2003; and U.S. Published 
Application No. 2003/001 8380 Al , published on January 23, 2003. In some embodiments, all of 
the components of the stent-graft (e.g., the stent and the graft) include a therapeutic agent or a 
pharmaceutically active compound. In other embodiments, one component includes a 
therapeutic agent or a pharmaceutically active compound, while another component does not. 
Examples of therapeutic agents and pharmaceutically active compounds include anti- 
thrombogenic agents, thrombogenic agents, antioxidants, anti-inflammatory agents, anesthetic 
agents, anti-coagulants, anti-restenosis agents, thrombosis agents, immunosuppressant agents, 
and antibiotics. 
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Alternatively or in addition, ceramic fiber 12 can include, or can be modified to include, 
the therapeutic agent, drug, or pharmaceutically active compound. For example, certain 
ceramics are relatively porous. The drug can be loaded on the ceramics by dipping or soaking 
the ceramics in a solution containing the drug, and allowing the drug to diffuse through the 
pores. In some cases, the drug can be loaded on the ceramics by applying the drug under 
pressure to infuse it into any pores. In certain embodiments, ceramic fiber 12 can be selectively 
surface modified to be relatively hydrophilic or hydrophobic. A drug can then be chemically 
bonded to the modified surface of the fiber. In some cases, ceramic fiber 12 can be roughened 
by, e.g., sand blasting, scraping or scoring the fiber. Ceramic fiber 12 can be pitted (by, e.g., 
laser or molding processes) or made porous (by, e.g., a chemical process). Ceramic fiber 12 can 
include a tie layer that can adhere a drug to the ceramic fiber. The ceramic fiber can be coated 
with, e.g., a polymer coating that contains a therapeutic agent. 

In some cases, the ceramic fiber can include a charged coating that renders the ceramic 
fiber capable of carrying a charged therapeutic agent. Charged coatings are described, for 
example, in Palasis, U.S. 6,506,408 Bl, which is hereby incorporated by reference. For 
example, a ceramic fiber can be positively charged, while a therapeutic agent can be negatively 
charged. The negatively charged therapeutic agent can be, e.g., a therapeutic agent that can 
associate with the positively charged moieties on the ceramic at below about a physiological pH 
(e.g., below about 7.4), and that can be substantially released therefrom at or above about a 
physiological pH. Negatively charged therapeutic agents include nucleic acids such DNA, 
cDNA, RNA, antisense DNA or RNA, nucleotides, proteins, and oligopeptides. 

One or more negatively charged therapeutic agents can be associated with the ceramic 
fiber. Moreover, it is also possible for the ceramic fiber to be associated with one or more other 
therapeutic agents that are not negatively charged. Thus, the ceramic fiber, in addition to 
negatively charged therapeutic agents, can include, for example, cationically charged, 
amphoteric or neutral therapeutic agents. The therapeutic agents do not have to be released from 
the ceramic fiber upon contact with fluid or tissue having a physiological pH. A ceramic fiber 
can thus include one or more negatively charged therapeutic agents and one or more other 
therapeutic agents that are not necessarily ionically bound to the ceramic fiber. 

In some embodiments, an endoprosthesis includes more than one fiber. Referring to 
FIGS. 5 A and 5B, a co-knitted stent 18 is shown including a ceramic fiber 20 and a non-ceramic 

9 
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fiber 22. Ceramic fiber 20 can generally be as described above for fiber 12. Non-ceramic fiber 
22 can be a material selected for its strength and/or elasticity. Examples of materials for non- 
ceramic fiber 22 include, stainless steel (e.g., 300 series stainless steel), Nitinol (which can 
provide endoprosthesis 1 8 with superelasticity and shape memory properties), and composite 
materials as described in Heath, U.S. 5,725,570, and Mayer, U.S. 5,800,511. In some cases, non- 
ceramic fiber 22 can be a bioabsorbable polymer or a non-bioabsorbable polymer. In other 
embodiments, stent 18 can be formed of two different ceramic fibers, e.g., a silicon 
borocarbonitride fiber and an aluminum oxide fiber. The two ceramic fibers can be the same. 
Either, both, or neither of the fibers can include a therapeutic agent or drug, e.g., by dipping, 
spray coating, or pad printing. 

Stent 18 can be formed by knitting or weaving fibers into a tubular member. For 
example, fibers 20 and 22 (or two different ceramic fibers) can be continuous knitted in an 
alternating, sequential co-knit fashion, resulting in successive alternating rows of different 
material in a single knit structure. Alternatively, a co-knit tubular structure can also be formed 
by, for example, using a parallel co-knitting process. Co-knitting processes are further 
described, for example, in Andersen, U.S. 5,366,504. 

Referring to FIGS. 6 A and 6B, in some embodiments fibers 20 and 22 (or two different 
ceramic fibers) can be co-woven to form a stent 24 of open mesh or weave construction, having 
two sets of oppositely directed, parallel and spaced apart helically woven fibers. Fibers 20 and 
22 are interwoven in an over and under braided configuration, forming intersection points 30. 
Woven stents and methods of making them are described further in, for example, Mayer, U.S. 
5,800,5 1 1 . In some embodiments, the stent can be formed of coils of fibers 20 and 22. In other 
embodiments, fibers 20 and 22 can be knotted, twisted, bent, or crocheted to form a stent. 

The tubular structures described above having one or more ceramic fibers ("ceramic 
tubular structures") can be incorporated into a variety of medical devices. For example, the 
ceramic tubular structures can be attached (interiorly and/or exteriorly) to one or more graft 
materials, or be placed between multiple layers of graft material, to form a vascular graft. 
Examples of graft materials, such as polytetrafluoroethylene (PTFE) and expanded PTFE, and 
methods of making a graft are described in Lentz et al., U.S. 6,428,571. In some cases, the graft 
itself can be made of ceramic fibers. In some embodiments, the graft can include a therapeutic 
agent or pharmaceutically active compound. 

10 
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The ceramic tubular structures can be attached (interiorly and/or exteriorly) to a polymer 
tube, or be placed between multiple layers of polymer tubes to form a composite tubing or a 
catheter. Suitable polymers are described, for example, in U.S. Published Application No. 
2002/0165523 Al, published on November 7, 2002. The composite tubing or catheter can 
include multiple polymer layers, as described in U.S. Published Application No. 2002/0165523 
AL Methods of making a reinforced catheter, e.g., having a braided layer, are described in, for 
example, Wilson et al., U.S. Patent No. 6,425,898, which is hereby incorporated by reference. 
The ceramic tubular structures can be used in, for example, chronic infusion catheters, AV 
catheters, neurointerventional catheters, drainage catheters, or inflation/dilatation catheters. In 
some embodiments, ceramic fibers can be used to reinforce endoscopes and/or tubing (e.g., in 
embodiments in which torqueability, kink resistance, flexibility, and/or crush resistance are 
desired). Tubing for medical applications is described, for example, in Wendlandt et al., U.S. 
Published Application No. 2003/0176849, which is hereby incorporated by reference. 

The composite tubing can be drawn and blow molded to form a medical balloon, e.g., one 
having ceramic structure between two polymer layers. Methods of forming a medical balloon, 
including suitable materials, are described, for example, in U.S. S.N. 10/263,225, filed on 
October 2, 2002, and entitled "Medical Balloon". The ceramic tubular structures, which can be 
knitted, woven, braided, co-knitted, or co-woven, can reinforce the medical devices. A medical 
device can have two or more ceramic tubular structures. 

In still other embodiments, relatively small segments of ceramic fiber 12 are used to form 
a medical device. Referring to FIG. 7, an endoprosthesis 38 (as shown, a stent) includes a 
polymer matrix 40 containing chopped ceramic fibers 42 embedded in the matrix. Chopped 
ceramic fibers 42 embedded in polymer matrix 40 can enhance the strength and/or 
biocompatibility of the medical device. In some embodiments, chopped fibers 42 can include a 
therapeutic agent or pharmaceutically active compound. Fibers 42 can be formed by chopping 
ceramic fibers 12 into smaller pieces. 

Although ceramic fibers 42 are shown in a stent in FIG. 7, ceramic fibers 42 can be used 
in any of a number of different medical devices. For example, ceramic fibers 42 can be used to 
reinforce a suture. A suture that is reinforced with ceramic fibers 42 can then be used to weave, 
knit, or otherwise form a graft or covering. In some cases, ceramic fibers 42 can be used to 
reinforce a stent-graft, polymer covering, or graft. A graft that is reinforced with ceramic fibers 
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42 may be able to support itself without requiring the support of a stent. Ceramic fibers 42 can 
be dispersed relatively evenly throughout the graft, or can be dispersed asymmetrically. For 
example, the graft can include a higher density of ceramic fibers at the ends of the graft. In such 
cases, the ceramic fibers may impart the ends of the graft with enhanced stiffness, such that the 
5 graft may be able to stay open without the support of a stent. 

The grafts or stent-grafts can include synthetic vascular grafts that can be used for 
replacement of blood vessels in part or in whole. The grafts can be tubular and can have, e.g., a 
woven, knit or velour construction. Preferred materials for the grafts and covering materials for 
the stent-grafts include polyethylene terephthalate and polytetrafluoroethylene. The vascular 

10 grafts can be reinforced with, for example, helices, and/or rings (e.g., to help provide uniform 
strength over the entire surface of the graft tubing). The materials of which such grafts can be 
constructed are biologically compatible materials including, but not limited to, thermoplastic 
materials such as polyester, polytetrafluoroethylene (PTFE), silicone and polyurethanes. The 
preferred materials include polyester fibers and PTFE. In some cases, the graft can have a 

15 coating that includes a polymeric material and one or more therapeutic agents and/or 

pharmaceutically active compounds (e.g., paclitaxel, sirolimus, everolimus). The polymeric 
material can be a copolymer of polycaprolactone and polylactic acid. Grafts are described in 
Schmitt, U.S. Patent No. 5,509,931; Schmitt, U.S. Patent No. 5,527,353; and Popadiuk et al, 
U.S. Patent No. 5,556,426, all of which are hereby incorporated by reference. 

20 Ceramic fibers 42 can be used to reinforce a balloon. An advantage to a balloon 

reinforced by ceramic fibers 42 is that the balloon can have a relatively low wall thickness (e.g., 
about 0.001 inch), while simultaneously being strong. 

Fibers 42 are generally elongate structures having lengths greater than widths or 
diameters. In some cases, fibers 42 can have a length of from about five microns to about 25,000 

25 microns (e.g., from about ten microns to about 1,000 microns, from about ten microns to about 
100 microns). Fibers 42 can have a length equal to or greater than about five microns (e.g., 
greater than about 5000 microns; greater than about 10,000 microns; greater than about 15,000 
microns; greater than about 20,000 microns), and/or equal to or less than about 25,000 microns 
(e.g., less than about 20,000 microns; less than about 15,000 microns; less than about 10,000 

30 microns; less than about 5,000 microns). The lengths of fibers 42 may be uniform or relatively 
random. 
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Fibers 42 can have a width or diameter of from about one micron to about 50 microns 
(e.g., about ten microns). Fibers 42 can have a width or diameter that is equal to or greater than 
about one micron (e.g., greater than about five microns, greater than about ten microns, greater 
than about 15 microns, greater than about 20 microns, greater than about 25 microns, greater 
5 than about 30 microns, greater than about 35 microns, greater than about 40 microns, greater 
than about 45 microns), and/or equal to or less than about 50 microns (e.g., less than about 45 
microns, less than about 40 microns, less than about 35 microns, less than about 30 microns, less 
than about 25 microns, less than about 20 microns, less than about 15 microns, less than about 
ten microns, less than about five microns). The width or diameter can be uniform or relatively 
10 random. 

In some cases, such as when fibers 42 are used to reinforce balloons, fibers 42 can have a 
width or diameter of less than about three microns (e.g., less than about two microns). In certain 
embodiments, fibers 42 can have a width or diameter of from about two nanometers to about 
four nanometers. 

15 In some embodiments, fibers 42 have length to width aspect ratios of from about 5: 1 to 

about 500:1 (e.g., from about 5:1 to about 20:1), although higher aspect ratios are possible. 
Fibers 42 can have a length to width aspect ratio equal to or greater than about 5:1 (e.g., greater 
than about 50:1, greater than about 100:1, greater than about 150:1, greater than about 200:1, 
greater than about 250:1, greater than about 300:1, greater than about 350:1, greater than about 

20 400:1, greater than about 450:1), and/or equal to or less than about 500:1 (e.g., less than about 
450:1, less than about 400:1, less than about 350:1, less than about 300:1, less than about 250:1, 
less than about 200:1, less than about 150:1, less than about 100:1, less than about 50:1). 

The width used to determine the aspect ratio can be the narrowest or broadest width. The 
length can be the largest dimension of a fiber. Mixtures of fibers having two or more different 

25 aspect ratios and/or dimensions can be used. 

Smaller ceramic fibers 42 may be used to reinforce thinner walls of an endoprosthesis, 
while larger ceramic fibers 42 may be used to reinforce thicker walls of an endoprosthesis. 
Preferably, smaller fibers are used to reinforce, for example, sutures or balloons, which may 
require smaller fibers because of their smaller size. In some cases, the fibers can strengthen the 

30 device being reinforced such that the device can have even thinner walls. Larger fibers, on the 
other hand, preferably are used to reinforce a catheter shaft or a stent covering. 
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Ceramic fibers 42 can be placed in different sections of an endoprosthesis (such as a 
catheter) to provide, e.g., variable stiffness. For example, a catheter can have a higher 
concentration of ceramic fibers 42 in its proximal end than in its distal end. Thus, the proximal 
end may have enhanced stiffness, which can increase the pushability, torque, kink resistance, 
5 and/or control of the catheter. If the distal end has a lower concentration of ceramic fibers 42, 
then it can serve as an atraumatic tip and provide flexibility when, for example, the catheter is 
negotiating a tortuous lumen. 

Ceramic fibers 42 can be axially, radially, and/or circumferentially oriented in a medical 
device or component. The orientation of ceramic fibers 42 in a medical device or component can 

10 be selected to form a pattern or can be random. In certain embodiments, the orientation of 

ceramic fibers 42 in a medical device or component can be selected to enhance reinforcement of 
the device or component, and/or can be selected to enhance the flexibility, radial strength, and/or 
torqueability of the device or component. 

Ceramic fibers 42 can have a variety of configurations or shapes. Fibers 42 can have a 

15 cross-section that is circular or non-circular, such as oval, or regularly or irregularly polygonal 
having three, four, five, six, seven, or eight or more sides. In some cases, fibers 42 can be flat. 
Fibers 42 can be in the shape of a ribbon (e.g., a flat or wavy ribbon). Along their length, fibers 
42 can be, for example, straight, wavy, coiled, or folded. Fibers 42 can be textured, e.g. to 
combine more easily with the matrix in which they are suspended and/or to hold therapeutic 

20 agents for delivery. The surfaces of fibers 42 can be roughened. As an example, fibers 42 can 
be porous, etched, or grooved. Fibers 42 can have a uniform or non-uniform thickness, e.g., the 
fibers can taper along their lengths. Mixtures of fibers having two or more different 
configurations or shapes can be used. In other embodiments, thin, flat shard-like fibers having 
irregular shapes can be used. Fibers 42 can be, e.g., whiskers, such as those described in Javier 

25 Llorca, "Fatigue of Particle- and Whisker-Reinforced Metal-Matrix Composites," Progress in 
Materials Science 47 (2002), 283-353, which is hereby incorporated by reference. 

Polymer matrix 40 can include one or more polymers that are biocompatible. For 
example, for vascular stents or stent-grafts, the polymer preferably has acceptable vascular 
compatibility, e.g., relatively low thrombogenecity and low cytotoxicity. For non-vascular stents 

30 or stent-grafts, the polymer is preferably stable in various bodily fluids. Suitable polymers are 
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described in U.S.S.N. 10/229,548, filed on August 28, 2002, and entitled "Medical Devices and 
Methods of Making the Same". 

Polymer matrix 40 and ceramic fibers 42 can be mixed together and formed into a 
medical device, e.g., by extruding the polymer matrix and the ceramic fibers 42. For example, 
5 methods of making a tube or a catheter from a composite including a polymer are described in 
Weber, U.S. Published Application No. 2003/0065355, which is hereby incorporated by 
reference. The tube can be formed into a medical balloon, as described in U.S.S.N. 10/263,225, 
filed on October 2, 2002, and entitled "Medical Balloon". Methods of making a stent, including 
methods of preferentially orienting fibers, are described in, for example, U.S.S.N. 10/229,548, 

10 filed on August 28, 2002, and entitled "Medical Devices and Methods of Making the Same". 
Methods of making a vascular graft are described in, for example, Lentz et al., U.S. Patent No. 
6,428,571. The mixture of polymer matrix 40 and fibers 42 can be used to make an embolic 
filter, e.g., a filter membrane, as described in, for example, Weber, U.S. Published Application 
No. 2003/0065355, incorporated above. 

15 In some cases, the mixture of polymer matrix 40 and fibers 42 can be injection molded to 

form certain medical devices. For example, a mixture containing a relatively hard polymer, e.g., 
polycarbonate or acrylonitrile-butadiene-styrene (ABS), and fibers 42 can be injection molded to 
form a port housing, as described, e.g., in U.S.S.N. 10/1 17,947, filed April 8, 2002, and entitled 
"Medical Devices". 

20 In certain embodiments, medical devices can be reinforced with beads (with or without 

fibers 42). The beads can be spherical, oval, or elliptical. The beads can have widths that are 
equal to the diameters of the beads. 

The mixture of polymer matrix 40 and fibers 42 can contain a radiopaque material, a 
material that is visible by magnetic resonance imaging (MRI), and/or an ultrasound contrast 

25 agent. Examples of radiopaque materials include tantalum, tungsten, platinum, palladium, or 
gold. The radiopaque material can be placed inside an inclusion member. Alternatively or in 
addition, the radiopaque material, e.g., a band of radiopaque material, can be placed on a medical 
device at selected positions, such as, for example, on a catheter adjacent to a balloon. In some 
cases, fibers 42 can be rendered radiopaque (for example, by incorporating (e.g., coating) 

30 radiopaque metals or agents into the fibers). 
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Examples of MRI visible materials include non-ferrous metal-alloys containing 
paramagnetic elements (e.g., dysprosium or gadolinium) such as terbium-dysprosium, 
dysprosium, and gadolinium; non-ferrous metallic bands coated with an oxide or a carbide layer 
of dysprosium or gadolinium (e.g., Dy 2 03 or Gd 2 03); non-ferrous metals (e.g., copper, silver, 
platinum, or gold) coated with a layer of superparamagnetic material, such as nanocrystalline 
Fe 3 04, CoFe 2 04, MnFe 2 04, or MgFe 2 C>4; and nanocrystalline particles of the transition metal 
oxides (e.g., oxides of Fe, Co, Ni). 

The ultrasound contrast agent can be any material that enhances visibility during 
ultrasound imaging. An ultrasound contrast agent can include a suspension having trapped 
bubbles of sufficient size to deflect sound waves. In some cases, ceramic fibers 42 can be 
rendered visible to ultrasound spectroscopy by, for example, surface roughening, bubble 
inclusions, and/or a coating. Any of the medical devices described above can include an MRI 
contrast agent, a radiopaque material, and/or an ultrasound contrast agent, in any combination or 
arrangement. 

Ceramic fibers 42 can be used to form a composite. Composites are described in 
"Fatigue of Particle- and Whisker-Reinforced Metal-Matrix Composites," incorporated above, 
and in references described therein. While ceramic fibers 42 are embedded in polymer matrix 40 
in FIG. 4, in some cases ceramic fibers 42 can be embedded in a metal (e.g., stainless steel, 
titanium, iridium), to form a ceramic reinforced metal matrix composite. The metal can then be 
used to make a medical device (e.g., a stent). 

In certain embodiments, a ceramic fiber can be formed by depositing ceramic material 
onto a substrate (e.g., a metal wire filament, as described in, for example, Heath, U.S. 5,725,570, 
and Mayer, U.S. 5,800,51 1). The ceramic can be deposited using techniques such as physical 
vapor deposition (PVD), chemical vapor deposition (CVD), or metalorganic chemical vapor 
deposition (MOCVD). 

Other Embodiments 

Ceramic fibers 12 and 42 as described above can be used in many types of medical 
devices. Examples of such medical devices include catheters, guidewires, balloons, filters (e.g., 
vena cava filters), stents, stent-grafts, vascular grafts, intraluminal paving systems, and implants. 
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Such devices can be implanted or otherwise utilized in body lumina and organs such as the 
coronary vasculature, esophagus, trachea, colon, biliary tract, urinary tract, prostate, and brain. 

The filters can include, for example, thrombus filters that can be placed at a selected 
location within the vascular system (e.g., the vena cava) and removed when no longer required. 
In some embodiments, an implanted vascular filter can have a polymeric material/drug outer 
coating thereon. For example, the filter can have a polymeric material/paclitaxel outer coating 
(e.g., a polylactic acid/polycaprolactone copolymer/paclitaxel coating). The polymeric coating 
can also have incorporated therein or thereon any other therapeutic agent that is used for 
reducing the formation of, or complications due to, clot formation or neointima formation. Such 
agents include antithrombogenic agents and thrombolytic agents and other antiproliferative 
agents. Filters are described in International Application No. WO 96/17634 and International 
Application No. WO 96/12448, which are hereby incorporated by reference. 

In some embodiments, a polymer matrix including chopped fibers can be used as an 
intraluminal paving system. In such intraluminal paving systems, the polymer matrix can be 
applied directly to an interior surface of vascular or non- vascular lumina. An intraluminal 
paving system can be formed, for example, by admixing a drug agent with a liquid polymer, in 
the absence of a solvent, to form a liquid polymer/drug agent mixture. The mixture can then be 
applied directly to a luminal surface by any conventional method, such as by injecting the 
mixture against the luminal surface. Curing of the mixture can occur in-situ. To facilitate 
curing, a cross-linking or curing agent can be added to the mixture prior to application thereof to 
the luminal surface. Curing can also occur in-situ by exposing the polymer/drug agent mixture, 
after application to the luminal surface, to radiation such as ultraviolet radiation or laser light, 
heat, or by contact with metabolic fluids such as water at the site where the mixture has been 
applied to the luminal surface. In some cases, the drug agent in the intraluminal paving system is 
paclitaxel. The paclitaxel can be incorporated in the polymeric material alone or in combination 
with another drug agent. The polymeric material incorporating the paclitaxel and, if desired, any 
additional therapeutic agent(s), can be either bioabsorbable or biostable. Any of the polymers 
described herein that may be formulated as a liquid may be used to form the polymer/drug agent 
mixture for use as an intraluminal paving system. 

In certain embodiments, ceramic fibers 12 and/or 42 can be used in aneurysm filling 
devices (e.g., brain aneurysm filling devices). In such embodiments, the ceramic fibers can be 
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radiopaque and/or MRI-compatible. The ceramic fibers can be used to form the aneurysm filling 
devices (e.g., an aneurysm filling device can be formed by a continuous ceramic fiber) and/or as 
reinforcement in the aneurysm filling devices. In some embodiments, the fibers can be 
combined (e.g., woven, braided) with another type of material An aneurysm filling device that 
includes one or more ceramic fibers can also include one or more agents (e.g., thrombotic 
agents). Aneurysm filling devices are described, for example, in Bashiri et al., U.S. Patent No. 
6,468,266; Abrams, U.S. Patent No. 6,331,184; Wallace et al., U.S. Patent No. 6,280,457; 
Palermo et al., U.S. Patent No. 6,190,373; Bashiri et al., U.S. Patent No. 6,165,178; and Chin et 
al., U.S. Patent No. 5,928,260. 

All publications, applications, references, patents referred to above are incorporated by 
reference in their entirety. 

Other embodiments are within the following claims. 
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